Abstract: EPR spectroscopyr eveals the formation of two different semi-synthetic hydrogenases in vivo. [ FeFe]h ydrogenases are metalloenzymes that catalyze the interconversion of molecular hydrogen and protons.T he reaction is catalyzed by the H-cluster,c onsisting of ac anonical iron-sulfur cluster and an organometallic [2Fe] subsite.Itwas recently shown that the enzyme can be reconstituted with synthetic cofactors mimicking the composition of the [2Fe] subsite,r esulting in semi-synthetic hydrogenases.H erein, we employE PR spectroscopyt om onitor the formation of two such semi-synthetic enzymes in whole cells.T he study provides the first spectroscopic characterization of semi-synthetic hydrogenases in vivo, and the observation of two different oxidized states of the Hcluster under intracellular conditions.Moreover,these findings underscore howsynthetic chemistry can be apowerful tool for manipulation and examination of the hydrogenase enzyme under in vivo conditions.
Hydrogenases are the most efficient molecular catalysts known to date for the interconversion of protons and molecular hydrogen. [1] In the case of [FeFe] hydrogenase (HydA), the reaction is catalyzed by the H-cluster,w hich features a[4Fe4S] cluster coupled to an organometallic [2Fe] subsite ( Figure 1a) . [2] [3] [4] [5] It is now well established that the biosynthesis of the H-cluster is at wo-step process,i nw hich the assembly of the [2Fe] subsite requires three HydA specific maturation proteins. [6] [7] [8] Thec atalytic mechanism of this unique cofactor has been intensively studied and several catalytically active and non-active states of the H-cluster have been characterized. [1, 4, [9] [10] [11] [12] However,t he vast majority of mechanistic studies have been limited to in vitro conditions, and their relevance in vivo is still not firmly established.
In 2013, it was shown that synthetic analogues of the [2Fe] subsite can be incorporated into the enzyme.This enables the preparation of semi-synthetic hydrogenases and the possibility to manipulate the enzyme using synthetic chemistry,which has proven to be apowerful tool for biophysical studies. [3, [13] [14] [15] [16] [17] More recently this artificial maturation technique was extended to in vivo conditions. [18] This allowed the overproduced apo-enzyme to be activated with synthetic [Fe 2 -(adt)(CO) 4 (CN) 2 ] 2À ([2Fe] adt ,a dt = azadithiolate) [19] cofactors,g enerating fully functional enzymes inside living cells. In this study,w em onitor the formation of two such semisynthetic H-clusters in vivo using EPR spectroscopy,atechnique well-suited for whole cell studies. [20] [21] [22] More specifically, the technique was first verified by treating HydA-expressing E. coli cells with [Fe 2 (pdt)(CO) 4 
2À ([2Fe] pdt ,pdt = propanedithiolate), [23] [24] [25] [3, 14, 26] This property allows us to readily follow its formation under in vivo conditions. Moreover,weshow how the technique can be applied to also generate EPR active states of the native cofactor by treating cells with [2Fe] adt .T hus,t he present study provides the first spectroscopic verification of the formation of semi-synthetic hydrogenases in whole cells.Additionally,itprovides adirect link to earlier mechanistic studies by comparing synthetically modified hydrogenases under in vivo and in vitro conditions.
To facilitatethe whole-cell EPRstudy,the expression of C. reinhardtii HydA1inE. coli waso ptimized in minimalm edia (FigureS1).T he expression wasd onei nt he absenceo fthe HydA specific maturasesr esulting in af ormo ft he enzyme containing the[ 4Fe4S] clusterb ut lackingt he [2Fe]s ubsite (apo-HydA1). Followingt he over-expressiono fH ydA1,t he cell cultures were harvesteda nd washed undera naerobic adt -HydA) overlaido n[2Fe] pdt -HydA (containing the modified [2Fe] subsite), generated from PDB entries 4XDC and 5BYR (Clostridium pasteurianum [FeFe] hydrogenase, CpI). [26] b) [Fe 2 (pdt)(CO) 4 [8, 27] As seen in Figure 2 ( spectrum a), the EPR spectrum of apo-HydA1-expressing cells featured an umber of signals,b ut we could only observe minor differences compared to control samples of BL21(DE3) cells lacking the HydA1 plasmid (Supporting Information, Figure S2 ). Thel ack of ad istinct feature from apo-HydA1 indicates that the intracellular environment is not sufficiently reducing to generate the EPR active [4Fe4S] + -HydA1 species in readily detectable amounts.
Conversely,when the cells were treated with [2Fe] pdt ,the resulting EPR spectrum displayed an intense rhombic signal, with an additional feature at g % 1.935 ( Figure 2 , spectrum b). Thef ormer signal is in good agreement with the spectrum reported for [2Fe] pdt -HydA1 under in vitro conditions, [14] and with the native protein in the oxidized state (H ox )( see the Supporting Information, Table S2 ). [9, 11] Samples of E. coli cells lacking the HydA1 plasmid treated with [2Fe] pdt did not display any new signal as compared to untreated cells (Supporting Information, Figure S3 ), underscoring the requirement for both apo-HydA1 and the synthetic cofactor for the generation of the intense H ox -like signal. Consequently,w ea ssign the signal to the formation of [14, 16] To further support the assignment of the observed EPR signal we generated purified [2Fe] pdt -HydA1 ([2Fe] pdt -HydA1 pur )t hrough am odified literature protocol. [8, 13, 27] Thepurified semi-synthetic protein was oxidized by thionine to generate the H ox -like state,a nd the EPR spectrum of [2Fe] pdt -HydA1 pur showed the expected rhombic signal (Figure 2, spectrum d) . [14] Simulation of the signal returned g zyx = 2.093, 2.039, 1.999 ( Figure 2 , spectrum d, dashed line). Thes imulated spectrum based on in vitro parameters provided ag ood fit also for the in vivo spectrum without any additional adjustment (Figure 2 , spectrum b, dashed line). Thef eature at g % 1.935 present in the whole cell samples is not discernible in the purified in vitro sample; but as it appears also in the BL21(DE3) control cells,w e tentatively attribute it to one or more EPR active species present in the expression host cells.The properties of the H oxlike signal was further studied by comparing the microwave power dependence for whole cell and purified samples in the in 5-20 Kr ange (Supporting Information, Figure S4 -S14). Them icrowave power values at half-saturation (P 1/2 )v alues are summarized in Table 1a pdt -HydA1 as 1.4 AE 0.3 mm,after concentrating 50 mL of cell culture (OD 600 = 0.8 AE 0.2) to approximately 200 mL. In parallel, the HydA1 content in the cell cultures was also determined through in vitro catalytic assays,p erformed as previously described. [18] Based on the H 2 production rates observed after the activation of cell lysates using [2Fe] adt the amount of HydA1 available for activation was approximately 1.2 AE 0.15 nmol 50 mL À1 cell culture (Supporting Information, Figure S15 ). This compares reasonably well with the spin quantification of the H ox -like signal (a total of 280 AE 60 pmol of HydA1 50 mL Fe II ] pdt (the signal was divided by afactor of 9.5 for clarity);s imulations(with g zyx = 2.093, 2.039, 1.999) are overlaid onto spectra (b) and (d) (grey dashes, see Table S1 for simulation parameters). Spectra were recorded at 10 K, microwave power = 1mW, frequency = 9.28 GHz, modulation amplitude = 1.5 mT,modulation frequency = 100 kHz. pdt -HydA1 under in vivo and in vitro conditions. EPR spectra were recorded at 5, 10, and 20 K, microwave power = 0.02-50 mW.F requency = 9.28 GHz, modulation amplitude = 1.5 mT,modulation frequency = 100 kHz. The ffiffiffi P p 1=2 values were calculated using the amplitude of the g = 2.09 peak for the in vivo and in vitro samples. (Figure3,spectrum1h) , andextendedincubationtimeresults in amoreintense signal before approachingaplateauafter 3h (Figure3,a nd theS upportingI nformation,F igureS16). Spin quantification showsa3-3.5-fold increase in spin concentration aftera3h incubation,t husr eaching 70-85% of thei ntensity expected from theinvitro catalytic assays.The requirementfor incubation on an hour time-scaleclearly indicatesthatthe rate of cofactor insertionissignificantly slower than that observed underinvitro conditions,inwhich it occurs within minutes. [13, 28] In summary, theEPR data showsthatthe artificial maturation method allows spontaneousformation of asynthetically modified H-clusterwithgoodyields, at intracellularconcentrations readilyobservablebyX-bandEPR spectroscopy.
Theaforementioned experiments clearly show that aparamagnetic H ox -like state is present under in vivo conditions. Additionally,u nder sufficiently reducing conditions we expect the formation of ar educed, EPR ). [14] Consequently,a ne quilibrium between the H ox -like and H' red -like states can be anticipated to exist in vivo.I ndeed, this redox transition was readily observed in dithionite-treated cell extracts containing [2Fe] pdt -HydA1 (Supporting Information, Figure S17 ). However,i td id not appear to occur spontaneously in vivo,asincubation of washed [2Fe] pdt treated cells for 3h under anaerobic conditions did not result in significant changes of the EPR spectra ( Supporting Information, Figure S18) . Similarly,t reating the cells with chemical oxidants or reductants did not influence the redox state of the Hcluster (Supporting Information, Figure S19 ). Thea pparent stability of the H ox -like state likely arises from acombination of the intrinsic stability of the modified cofactor and the redox buffering provided by the intracellular environment.
After the verification of the technique employing [2Fe] pdt , we also explored the possibility to spectroscopically observe as emi-synthetic version of the native cofactor, [ 2Fe] adtHydA1. TheE PR spectrum recorded on samples of apoHydA1-expressing cell cultures incubated with [2Fe] adt (100 mg, 156 nmol) for 1hrevealed an umber of new signals (Figure 4a nd the Supporting Information, Figure S20 ). The overall spin concentration appeared lower than that observed after incubation with [2Fe] pdt ,0.7 AE 0.3 mm versus 1.4 AE 0.3 mm, respectively.S till, an intense EPR signal at g = 2.007 was observed with additional features clearly discernible at g % 2.1 and 2.06-2.04. Acomparison of the spectra recorded at 20 and 10 Ksuggest that these signals belong to two distinct species. One species appears to contribute to the signal at g % 2.007 with an additional signal at g = 2.056, as both of these are significantly stronger at 20 Kr elative to the spectrum obtained at 10 K ( Figure 4 , spectrum a, and the Supporting Information, Figure S21 ). Conversely,the signals at g = 2.100 and 2.040 remain clearly visible in the low-temperature spectrum, together with al ess intense feature at g % 2.007 ( Figure 4 , spectrum c, and the Supporting Information, Figure S22) . Comparable signals have previously been reported for HydA1 studied in vitro and attributed to oxidized states of the H-cluster (see Table S2 ). [1, 10] In agreement with this, reference samples of purified [2Fe] adt -HydA1 ([2Fe] adtHydA1 pur )o xidized with thionine displayed highly similar spectral features (Supporting Information, Figure S23 ). In combination with simulations based on in vitro data, this allows us to assign the observed whole cell signatures to am ixture of the H ox (g zyx = 2.100, 2.040, and 1.998) and H ox - pdt -HydA1 signal, determined from the amplitudeofthe g = 2.093 (red), 2.039 (black), and 1.999 (green) peaks, squares and asterisks represent two separate experiments, and the individuald ata sets were normalized to the 12 h time point. Spectra were recorded at 10 K, microwave power = 1mW, frequency = 9.28 GHz, modulation amplitude = 1.5 mT,modulation frequency = 100 kHz. Table S1 for simulation parameters). Spectra were recorded at microwave power = 1mW, frequency = 9.28 GHz, modulation amplitude = 1mT, modulation frequency = 100 kHz. Signals attributable to the H ox state of the H-cluster are labeled with asterisks.
CO state (g zyx = 2.056, 2.007, and 2.007) (Figure 4a nd the Supporting Information, Figure S24 , simulation overlaid on spectrum da sdashed line).
Thelower pdt -HydA1 has previously been observed in vitro and appears to be retained under physiological conditions. [14] In summary,t he in vivo generation of two semi-synthetic hydrogenases,f eaturing both am odified and the native cofactor, has been verified by whole cell EPR spectroscopy. Thestudy shows that species strikingly similar to the H ox and H ox -CO states,c haracterized in vitro,a re also observable in vivo.M oving forward, these initial observations strongly support the feasibility of detailed spectroscopic analysis of the H-cluster under physiological conditions.I nawider context, the preparation of [2Fe] pdt -HydA1 also showcases how the hydrogenase enzyme can be used as as caffold to generate stable semi-synthetic enzymes with new properties,b y combining it with synthetic cofactors inside living cells.
